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MinireviewFusion and Fission:
Membrane Trafficking
in Animal Cytokinesis
at this time by targeted insertion or local action of flip-
pases. Electron and light microscopy indicated that im-
mobilization of PE with a cyclic peptide inhibitor blocked
disassembly of the contractile ring and the membrane
fusion required for completion of cytokinesis at late telo-
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phase (Emoto et al., 1996). Removal of the peptide with
PE liposomes restored contractile ring disassembly, but
did not rescue cytokinesis, probably because the cellsCytokinesis is the physical act of separating daughter
had progressed into the subsequent cell cycle. Culturedcells, allowing them to become separate entities. Re-
mutant cells with a low cellular level of PE were alsocent studies have revealed that membrane insertion
unable to disassemble their contractile rings whenfor furrowing and scission of the residual bridge is a
grown without exogenous PE; however, addition of PEkey aspect of animal cytokinesis.
to the culture medium rescued the cytokinesis defect
(Emoto and Umeda, 2000). The requirement for PE mayCytokinesis creates membranous barriers between the
reflect a need for a PE-rich membrane domain in regula-daughter cells to complete the cell cycle. In animal cells,
tion of enzymes required for contractile ring disassem-this requires the constriction of an equatorial actomyo-
bly, as has been shown for some membrane-bound en-sin ring assembled midway between the spindle poles
zymes. Alternatively, the conical shape of PE may induceto form an ingressing cleavage furrow. Ingression termi-
inward curvature of the furrow membrane to facilitatenates when the furrow reaches the spindle midzone. At
fusion.this stage, the two daughter cells remain connected
The Membrane Fusion Machinery in Cytokinesis:by a cytoplasmic bridge. To complete cytokinesis, the
Syntaxin 1 and Septinsremnants of the contractile ring and the spindle midzone
Membrane fusion events require conserved compo-must be disassembled, the intercellular bridge between
nents such as SNAREs; cytokinesis is no exception.the two daughter cells broken, and the plasma mem-
The demonstration that the plasma membrane t-SNAREbrane resealed (Figures 1A and 1B). Within the blasto-
syntaxin 1 is required for cell division in fruit fly, seaderm of the fruit fly D. melanogaster (Figure 1C) and the
urchin, and nematode embryos was the first indicationovary of the nematode C. elegans (Figure 1D), modified
that components of the trafficking machinery are re-forms of cytokinesis occur, in which a multinucleate
quired for animal cytokinesis (Burgess et al., 1997; Con-syncytium becomes cellularized.
ner and Wessel, 1999; Jantsch-Plunger and Glotzer,Membrane trafficking has long been known to mediate
1999). During cellularization of the Drosophila syncytialplant cytokinesis. Recent evidence suggests that traf-
blastoderm, syntaxin 1 was found at the nascent lateralficking events also mediate several crucial aspects of
cell surfaces and at cellularization furrows (Burgess etanimal cytokinesis. Sufficient membrane must be avail-
al., 1997). Reduction of maternal syntaxin 1 preventedable to provide additional surface area necessary for
cellularization, leading to formation of acellular patchesingression of the cleavage furrow (furrowing). Membrane
in the embryo (Burgess et al., 1997). Microinjection offusion is also required to seal off the plasma membranes
antibodies against syntaxin or of Botulinum neurotoxinof the two daughter cells from each other (scission,
C1, which specifically proteolyzes syntaxin, blocked cy-
Figure 1B). Finally, membrane trafficking may be neces-
tokinesis in sea urchin embryos. The cleavage furrows
sary for insertion of specific proteins or lipids that are
ingressed normally, then regressed, indicating that the
required for localization of the cytokinetic machinery cytokinesis block occurred at scission. Consistent with
or that alter membrane curvature. We discuss recent its function in cytokinesis, sea urchin syntaxin 1 is local-
progress in understanding the role of membrane traffick- ized to the plasma membrane, including at the cleavage
ing in cytokinesis and cellularization, as well as new furrow (Conner and Wessel, 1999).
developments in the membrane trafficking field that may The requirement for syntaxin in C. elegans cytokinesis
be relevant to cytokinesis. was demonstrated using RNA-mediated interference of
The Importance of Membrane Phospholipids gene expression (RNAi) of the eight nematode syntaxins
Although most of this review will focus on the role of to deplete embryos of the mRNA for each. RNAi of the
proteins in regulating membrane trafficking during cyto- syntaxin 1 homolog syn-4 resulted in defective cytokine-
kinesis, lipids are also principal membrane components. sis in the first embryonic cell cycle with the embryos
An essential role for the membrane lipid phosphatid- unable to furrow (Jantsch-Plunger and Glotzer, 1999).
ylethanolamine (PE) in cytokinesis was recently disco- It is not clear whether this reflects a specific role for
vered (Emoto et al., 1996; Emoto and Umeda, 2000). PE, SYN-4 in cytokinesis, or whether cytokinesis is the only
which through most of the cell cycle is localized in the readily observable consequence of a global inhibition
inner leaflet of the plasma membrane, becomes ex- of the secretory pathway during early development of
posed on the outside of the cleavage furrow at cytokine- the C. elegans embryo. The localization of SYN-4 is
sis (Emoto et al., 1996). It is not known whether the PE consistent with a role for SYN-4 as a component of the
localizes to the outer leaflet of the plasma membrane cytokinetic machinery: SYN-4 is found at the plasma
membrane, including at cleavage furrows and at the
incomplete plasma membranes that separate the nuclei3 Correspondence: fpfinger@facstaff.wisc.edu
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Figure 1. Animal Cytokinesis
(A) The persisting intercellular bridge of a di-
viding animal cell. In order for cytokinesis to
complete, the contractile ring (red) and the
spindle midzone (green microtubules) must
disassemble and the intercellular canal must
be broken and resealed. Membrane insertion
appears to occur at the furrow during scis-
sion. The inserted membrane may be in the
form of Golgi-derived vesicles transported
along the polarized midzone microtubules or
in the form of larger lysosomal vesicles
(yellow).
(B) Two possible schemes by which targeted
secretion could execute scission of the inter-
cellular canal. Top panels: A large vesicle
moves into the furrow and fuses as occurs
during lysosomal exocytosis in wound heal-
ing. Bottom panels: Smaller vesicles in the
furrow region could fuse, gradually con-
stricting the canal.
(C and D) Two modified forms of cytokinesis require membrane trafficking for their execution. (C) In the Drosophila syncytial blastoderm,
following migration of nuclei to the surface, ingressing furrows form around each nucleus. Secretion is required both for furrow ingression
and completion of cellularization. (D) In the C. elegans ovary, partial cleavage of the germ cell occurs in the vicinity of the distal tip cell (DTC).
Cytokinesis of the syncytial germ cell does not complete and a connection is maintained to a central cytoplasmic core throughout oogenesis.
Maturing oocyte nuclei progress along the germ cell away from the region of proliferation and enter meiosis but do not finally separate off
from the syncytial germ cell until just prior to fertilization. For all panels, blue shading indicates the intracellular space.
in the syncytial germ cell (Jantsch-Plunger and Glotzer, 1999). The specific role of septins in animal cytokinesis
is enigmatic. However, recent evidence points to a func-1999) (Figure 1D).
Why does blocking syntaxin function affect different tion in regulating syntaxins. Two mammalian septins,
CDCrel-1 and Nedd5, were shown by immunoprecipita-aspects of cytokinesis in C. elegans embryos and sea
urchin embryos? The rapid block of syntaxin activity tion and GST pulldown experiments to directly bind syn-
taxin 1; CDCrel-1 binding is to the C-terminal SNARE-obtained by microinjection of inhibitors is likely to inter-
fere with the stage in which syntaxin is most immediately interaction domain (Beites et al., 1999). Furthermore,
overexpression of wild-type CDCrel-1 inhibited secre-required—in this case, scission. Differences in the quan-
tity or type of membrane stores in the different embryos tion in transfected cells, whereas overexpression of
dominant-negative GTPase mutant CDCrel-1 stimulatedmay play a significant role. For example, the sea urchin
embryo could contain sufficient plasma membrane elab- secretion (Beites et al., 1999). These results suggest that
septin interactions with syntaxin 1 negatively regulateorations to not require additional membrane for furrow-
ing, but fail in cytokinesis when syntaxin is directly re- exocytosis, presumably by preventing syntaxin 1 from
binding to cognate v-SNAREs. Disassembly of septinquired for scission (see Figure 1B). Sea urchin embryos
could also contain a greater number of primed vesicles filaments at the cleavage plane at cytokinesis could
permit vesicle fusion in this region by allowing syntaxinthat are insensitive to the toxin and the antibodies, which
would enable them to perform some of the required to interact with v-SNAREs. If the function of septins in
animal cytokinesis is to regulate syntaxins, the observedmembrane fusion events. In contrast, C. elegans em-
bryos observed following RNAi of syn-4 were depleted lack of a consistent requirement for septins in cytokine-
sis implies that additional compensatory mechanismsof SYN-4 protein over many hours; thus, the terminal
phenotype where furrowing is absent may be an indirect can regulate syntaxin function during cytokinesis. Fur-
ther spatial refinement of vesicle fusion would beconsequence of gradually depleting all membrane
stores and slowing general membrane traffic. Scission achieved through the orientation of cytoskeletal ele-
ments such that vesicles are delivered to the cleavagefailures would not be observed because cytokinesis
does not advance to that stage in this situation. The plane (see Figure 1A).
Where Does the Membrane Come fromrequirement for syntaxin may also reflect a need to
transport cellular components required for furrowing to and When Is It Added?
The membrane required for furrowing and scission hasthe plasma membrane.
The syntaxins implicated in cytokinesis are not re- several possible origins. Excess plasma membrane may
be stored as surface elaborations. Intracellular storesstricted in location to the cleavage plane, so regulation
of the availability of sites at which membranes fuse may of membranes derived from the secretory or recycling
pathways are also potential sources of membrane forbe important in the spatial regulation of cytokinesis.
Septins are a family of conserved GTPases found at cytokinesis. In C. elegans, RNAi of rab-11, a homolog
of mammalian Rab11 (the Rab family member involvedcleavage and cellularization furrows in Drosophila, C.
elegans, and mammalian cells. Animal cells vary in their in recycling from endosomes to the plasma membrane),
blocked cytokinesis at both furrowing and scission, andobserved requirement for septins in cell division be-
tween organisms, cell types, and developmental stages, also produced some defective ovaries (Skop et al.,
2001). The specificity of this block is unclear, as RNAias well as by experimental design (Field and Kellogg,
Minireview
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Figure 2. A Hypothetical Network of
GTPases May Integrate Cytoskeletal Dynam-
ics with Membrane Trafficking during Cytoki-
nesis
Three families of small GTPases (Ral, Rho
and Rab) are shown at the top of this putative
regulatory scheme. RalA could potentially
regulate polarized exocytosis during cytoki-
nesis through its effector Sec5, a component
of the Sec6/8 complex required for vesicle
tethering. In parallel, Rho family GTPases
could regulate polarized exocytosis during
cytokinesis through effects on the Sec6/8
complex, septin assembly (which may regu-
late syntaxin pairing with v-SNAREs) and the
spindle midzone. Ral and Rho GTPases also
regulate the contractile ring. Filamin, a Ral
effector, is a contractile ring component that
regulates actin dynamics. Another Ral ef-
fector, RalBP is a GEF that activates Cdc42.
Rho family GTPases regulate contractile ring
dynamics through their known effects on ac-
tin assembly. Rab GTPases play additional
roles in membrane trafficking during cytoki-
nesis by regulating Sec6/8 complex assembly
and SNARE pairing.
of rab-8, a homolog of mammalian Rab8 (involved in Inhibition of furrowing during cellularization in both the
slow and fast phases also occurred following microin-post-Golgi secretion), resulted in severely defective ova-
ries that did not produce embryos (Skop et al., 2001). jection of antibodies directed against the Golgi-localized
microtubule and microfilament binding protein LavaThis may indicate a role for rab-8 in cellularization of
oocytes in the syncytial germ cell, but further analysis Lamp (Sisson et al., 2000). Golgi markers were closely
associated with the cellularization furrow front in theseis necessary. The observation that RNAi of two Rab
proteins, thought to affect different aspects of mem- studies (Sisson et al., 2000), suggesting that Golgi-
derived vesicles may provide the membrane for furrow-brane transport, gives rise to cellularization defects may
simply reflect a general requirement for exocytosis in ing. The slow and fast phases of cellularization differ in
both membrane addition rate and sensitivity to BFA,any cytokinesis-related process. The requirement for
Rab11 suggests that the membrane required for com- implying that the membrane added during furrow in-
gression might be of different origin from that requiredpletion of cytokinesis comes from recycling vesicles;
however, the requirement for Rab8 indicates a require- to complete cellularization.
Further support for a secretory and/or recycling path-ment for post-Golgi vesicles. It is possible that both
recycling and anterograde secretory pathway traffic are way origin for the membrane added during scission
comes from studies of BFA-treated C. elegans embryos.essential for cytokinesis.
Studies of the requirements for membrane insertion These embryos were blocked in cytokinesis at a late
stage, subsequent to furrowing. Using the membraneduring cellularization of the Drosophila syncytial blasto-
derm (Figure 1C) support a role for post-Golgi vesicles probe FM1-43, localized membrane accumulation was
seen at the apex of the cleavage furrow in wild-type(Lecuit and Wieschaus, 2000). Membrane addition dur-
ing cellularization occurs in two phases distinguished embryos after furrows had fully ingressed, presumably
at scission. In the BFA-treated embryos, this membraneby the rate of furrowing: an early slow phase where
furrow initiation and ingression begin, and a faster phase accumulation was absent, implying that targeted mem-
brane insertion is disrupted under this regimen. Further-where cellularization is completed. The membrane in-
serted during cellularization arises from an internal pool. more, as the cell cycle continued in the BFA-treated
cells, cycles of furrowing and furrow regression contin-Membrane insertion appeared to be polarized and to
occur in a temporal sequence at defined sites: first api- ued (Skop et al., 2001). This provides additional evidence
that the failure to complete cytokinesis in the BFA-cally, then apical-laterally. Injection of embryos with col-
cemid to depolymerize microtubules blocked mem- treated embryos is not due to lack of sufficient mem-
brane, and further suggests that furrowing and scissionbrane invagination and export of a newly synthesized
protein from the Golgi to the plasma membrane at the are separate processes.
In contrast to the Drosophila and C. elegans results,furrow, suggesting that the membrane for furrowing is
derived from the secretory pathway (Lecuit and BFA treatment of sea urchin embryos revealed no cell
division defects (Conner and Wessel, 1999). The differ-Wieschaus, 2000). Injection of cellularizing blastoderms
with the Golgi inhibitor Brefeldin A (BFA) severely inhib- ences in BFA sensitivity among these three organisms
may reflect differences in the intracellular stores of theited furrow progression, particularly in the fast phase
(Sisson et al., 2000). BFA also affects endosomes and membranes necessary for cytokinesis in these very dif-
ferent embryos.lysosomes, consistent with a need for recycling path-
way-derived membrane in completion of cellularization. Plasma membrane repair after wounding shares sev-
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eral features with cytokinesis, including the requirement Conclusions and Future Directions
Successful cytokinesis requires two separable exocyticfor membrane fusion and sensitivity to BFA (McNeil and
processes. Although membrane addition is a prerequi-Terasaki, 2001). Calcium-regulated fusion of lysosomes,
site for furrowing, it may be an aspect of cell growthwith synaptotagmin VII functioning as the calcium sen-
during the entire cell cycle, rather than a cytokinesis-sor, was recently shown to mediate plasma membrane
specific mechanism. The subsequent breaking and re-repair (Reddy et al., 2001). The membrane fusion events
sealing of the plasma membrane to separate the daugh-during wound repair involve rapid homotypic fusion of
ter cells is a distinct event, which must be an integrallysosomal vesicles, as well as their exocytic fusion with
part of cytokinesis. There is considerable evidence thatthe plasma membrane. Interestingly, synaptotagmin VII-
membrane addition during cytokinesis is targeted toregulated lysosomal exocytosis also occurs in un-
distinct sites on the plasma membrane, and is thereforewounded cells when calcium levels are elevated to 1
likely to be regulated by a network of GTPases, whichM (Martinez et al., 2000). Regulated exocytosis of lyso-
together integrate membrane and cytoskeletal dy-somes in response to elevated calcium is an alternative
namics.potential source of membrane for the plasma membrane
Most of what we know about membrane addition dur-scission that completes cytokinesis (Figures 1A and 1B,
ing cytokinesis has only been uncovered within the pasttop panels). BFA causes tubulation of endosomes and
five years. Dissection of the molecular machinery in-lysosomes; thus, the BFA-sensitivity of cytokinesis is
volved is still in its early stages, but rapid progress isconsistent with a lysosomal origin for the required mem-
being made. Genome-wide gene knockout projects andbrane. Localized elevation of intracellular calcium is of-
RNAi screens should reveal many components requiredten associated with animal cytokinesis, but a role for
for membrane addition during cytokinesis. Efforts to pu-calcium-stimulated lysosomal exocytosis in cytokinesis
rify the cytokinetic machinery for identification of proteinhas yet to be explored.
components are also underway. These approaches,Integration of Membrane Fusion and Cytoskeletal
combined with classical cell biology and genetics, willDynamics in Cytokinesis: A Network
likely deepen our understanding of the role of membraneof Small GTPases?
trafficking in cytokinesis.Spatial regulation of membrane trafficking during cytoki-
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